A new test procedure to determine the pesticide morestan based on solid phase room temperature phosphorescence using a disposable optical sensor is proposed. The device consists of a disposable polyester sheet (5 cm × 1 cm) with a circular micro zone (6 mm in diameter and 25 m in thickness), formed by polyvinylchloride and tributylphosphate as a plasticizer, on its surface. When the sensor was introduced for 2 h into a solution containing morestan, the pesticide was fixed in the sensing zone and its phosphorescence emission could be directly measured at λ em = 520 and λ exc = 363 nm. Construction and use of the sensor, and characterization of the fixation parameters have been studied. The applicable morestan concentration range was 1.0-200.0 ng ml −1 with a detection limit of 0.28 ng ml −1 and a precision (as relative standard deviation) of 2.9%. The method was applied to the determination of the pesticide in different water samples (natural, tap, sea, river and waste water) with recovery percentages ranging between 82.2 and 105.7%. A study of the interference produced by other pesticides and various organic and inorganic species frequently present in these waters showed the selectivity of the method. The method was validated chemometrically.
Introduction
At present, one of the requirements in analytical chemistry is the analysis of trace levels of numerous chemical contaminants present in natural or waste waters due to different human activities. The analytical monitoring of these pollutants requires frequent determinations of chemicals such as heavy metals, pesticides, polycyclic aromatic hydrocarbons, or fertilizers in waters coming from, among other places, sewer systems, manufacturing industries, or farms.
The analysis of these samples presents two main problems: the complex composition of the matrix of the sample and the need to determine the analyte at trace levels. For effective control, the analyses should be carried out frequently, and, if possible, with low cost and time consumption. Hence, sensitive, selective, inexpensive and quick methods of analysis using conventional instrumentation are necessary. Chemical sensors offer many of the above-indicated qualities and the phosphorescent detection techniques present the other characteristics required (especially, sensitivity and selectivity).
For these reasons, we have studied and developed a phosphorimetric sensor for the determination of morestan, a pesticide widely used in farming to control diverse types of fungi. However, the main objective of this work is not just to propose a new method for the determination of morestan, but also to develop a new analytical methodology founded on single-use phosphorescent chemical sensors. Solid surface room temperature phosphorescence offers a sensitive and selective approach to the development of optical sensors. Phosphorescence has been used to design sensors with application in flow-through systems. The most remarkable example of such a sensor reported in the literature is, probably, the fiber optic PAH sensor based on laser-induced RTP proposed by Campiglia and Vo-Dinh [1] . More common is the extrinsic type of phosphorimetric sensor in which phosphorescence is due to the formation of a complex. The simplest of these is based on an organosilicon polymer for the analysis of uranyl (UO 2 2+ ) in environmental samples, based in its extraction as a phosphorescent complex [2] . The use of FIA configurations allows for the design of sensors with interesting characteristics for metals, with detection limits below the g l −1 level, relative standard deviation of 2-3%, and response times of around 1 min. Among other reagents we find the use of sulfonic derivatives of oxine retained in an anion exchange resin for aluminum [3] and lead [4] , thenoyltrifluoroacetone in a Chelex 100 resin for europium [5] and 1,4-bis-(1 -phenyl-3 -methyl-5 -pyrazolone-4 )-butanedione for gadolinium [6] .
Similarly, the immobilization of metallic ions allows for the determination of organic compounds through complexation, as is the case of tetracyclines using Chelex 100-Eu(III) as sensor phase [7] or anthracyclines using Amberlite XAD-2-Eu(III) [8] .
The second group of phosphorimetric sensors is the group based in the quenching of the room temperature phosphorescence (RTP). The best examples are the oxygen sensors based on polycyclic aromatic hydrocarbons [9] , and transition metal chelates [10] [11] [12] . The RTP oxygen sensor has been used indirectly to determine cholesterol based on its enzymatic oxidation [13] . Other compounds analyzed by its quenching properties are sulphite [14] and nitrogen oxides [15] .
In this paper, we study the possibility of using polymeric films for the fabrication of membranes that allow the phosphorimetric determination of the organic pesticide morestan. The sensing action is achieved by retention of the analyte onto the membrane and the subsequent measurement of the directly emitted phosphorescence. The overall aim of this work is to develop inexpensive, selective, and sensitive methods using conventional phosphorescence instrumentation.
Experimental section

Apparatus and software
The luminescence spectrometer used to perform the measurements of phosphorescence was a PerkinElmer (Norwalk, CT, USA) LS-50 equipped with a xenon discharge lamp, a Hammamatsu R298 photomultiplier, and two monochromators Monk-Gillieson F/3 and was interfaced to an IBM PC330-100Dx4 microcomputer through a RS232C connection. For the acquisition and manipulation of the spectral data, the Perkin-Elmer FL Data Manager software package was used. The spectrometer was checked daily with a P1 solid standard (12.5 mm×12.5 mm×45 mm) containing europium(III) thenoyltrifluoroacetonate dissolved in a transparent matrix of poly(methylmethacrylate), supplied by Perkin-Elmer. To measure the thickness of the polyvinylchloride film that constituted the active zone of the sensor, a transmission electron microscope (C. Zeiss EM 10C) was used.
Software programs used for the statistical treatment of the data were Statgraphics Plus for Windows 3.1 software package (Statistical Graphics Corporation, US, 1994 US, -1997 and Excel software package from Microsoft Office 97, Version 8.0, 1997.
Reagents and materials
A stock solution (10 mg l −1 ) of morestan (MOR) (Riedel-de-Haën, Seelze, Germany) was prepared by exact weighing and dissolution in absolute ethanol. This solution was stable for 2 weeks. Daily working solutions were prepared by dilution with reverse osmosis quality water (Milli-Ro 12 plus Milli-Q Station from Millipore) maintaining 10% (v/v) ethanol/ water to avoid the potential precipitation of the analyte. Poly(vinylchloride) (PVC), tetrahydrofuran, tributylphosphate (TBP), dioctylphthalate (DOP), 2-nitrophenyloctylether (NPOE), tris(2-ethylhexyl)-phosphate (TEHP), bis(2-ethylhexyl) sebacate (DOS) all were supplied by Sigma (Sigma-Aldrich Química S.A., Madrid, Spain). Sheets of polyester type Mylar (ethylene polyterephthalate) (Goodfellow, Cambridge, UK) and saturated stock solutions of the following salts: Pb(II) acetate, Tl(I) nitrate, Ag(I) nitrate and KI (all from Merck, Darmstad, Germany) were also used. All reagents were of analytical reagents grade unless stated otherwise.
Preparation of the sensor
The active zone of the sensor was fabricated as follows, 50 mg of PVC (9.2 wt.%), 490 mg of TBP (90.8 wt.%) and 1.75 ml of THF (in this order) were mixed and shaken for 2 min. With the aid of a micropipette, 5 l of this solution was placed over a sheet (32 mm × 18 mm) of polyester type Mylar, 0.5 mm thick. Then the sheet was introduced in a vacuum dryer for 20 min at room temperature, after which the sensor could be used. The physical characteristics of the active zone of the sensor adhered to the solid support were: solid, homogeneous, transparent and uncolored circular film (6 mm in diameter and 25 m in thickness). 
Phosphorescence measurements
The transmitted phosphorescence emission spectra were recorded between 390 and 610 nm with a delay time t d = 0.15 ms and a gate time t g = 10 ms. The scan speed was 240 nm min −1 and the excitation and emission slit widths were 5 and 10 nm, respectively. In order to obtain the spectra, the sensor with the sample was placed in the holder of the spectrometer with the accessory (Fig. 1) ; in this way the plane of the sensor forms two angles of 45 • with the excitation and emission beams. For the 5 min before the measurement and during the time of recording the spectrum, a stream of dry nitrogen or helium flowed through the sample compartment. The phosphorescence measurements were made at λ exc = 363 nm and λ em = 520 nm.
Procedure for samples and standards
A total 50 ml of standard (or sample) solution, containing between 1.0 and 200.0 ng ml −1 of MOR, were placed in a 100 ml glass vessel, and the sensor, suspended from a support, was introduced into the solution. The solution was then mechanically stirred for 2 h with a magnetic stirrer at 300 rpm in such a way that the flow of the solution impinged vertically on the surface of the sensing zone without turbulence. After this, the sensor was introduced into a vacuum dryer for 20 min and, at the end of the drying process, the phosphorescent signal of the sensor was measured as described above.
Results and discussion
Spectral characteristics
The excitation and emission spectra of MOR fixed in the sensor showed peaks of excitation and emission located at 363 and 520 nm, respectively, with relative phosphorescence intensities (RPI) about 10 2 to 10 3 times higher than the values showed by the blank. Using paper as a support, these peaks were located at 363 and 527 nm, respectively [16] .
Selection of the membrane components
In order to design the membrane, two conditions were taken into account, the capacity to retain the analyte and the phosphorescence background of the sensor which depends on the nature of both the support and the polymeric matrix. Of the materials tested as supports (polyvinylacetate, metacrylate and polyester), the polyester type Mylar showed the lowest background and was selected as solid support. The membrane was prepared selecting as a matrix the most appropriate polymer among polyvinylchloride, polyvinylacetate and polyurethane and the most appropriate plasticizer, if necessary, among TBP, DOP, NPOE and TEHP. As a polymer, we selected PVC and TBP as plasticizer (TBP TEHP > NPOE ≫ DOS ≈ DOP) using THF as a solvent.
Optimization of the experimental parameters
In order to obtain adequate experimental conditions for the emission of phosphorescence, different parameters were individually studied and optimized. These parameters can be classified into three groups: (1) those related to the design and composition of the membrane (amount of PVC, THF and TBP, volume of the drop deposited on the solid support, and time of drying the sensor in a vacuum drier); (2) parameters related to the fixation process of the MOR on the sensor (time of fixation, speed of shaking, drying time membrane after equilibration, ionic strength and pH); and (3) instrumental parameters (excitation and emission wavelength, delay and gate times, scan speed, angle formed by the excitation beam and the plane of the sensor and excitation and emission width of slits).
Sensor composition
In order to optimize the composition of the sensing zone, the influence of the proportions of PVC, TBP and THF on the phosphorescence signal were studied. For this purpose, several sensors were constructed where the amounts of two of the components were maintained constant while the amount of the other chemicals was varied. The PVC was tested between 10 and 70 mg, TBP was tested between 98 and 881 mg, and THF between 0.5 and 4.5 ml. As can be seen in Fig. 2 , the optimum composition of the cocktail to obtain the sensor was 50 mg of PVC (9.2 wt.%), 490 mg of TBP (90.8%) and 1.75 ml of THF. This composition was used in the subsequent experiments.
This high level of TBP was selected because although it increases the drying time, it also increases the RPT signal. To prepare the cocktail, 1.75 ml of THF was selected as a solvent because higher volumes of THF lower the viscosity of the mixture of the reagents and hence the thickness of the membrane and the analytical signal. Lesser THF volumes increase the cocktail viscosity, hindering the construction of the membrane and diminishing the repeatability of the absorbance measurements.
Others parameters, which are related to the preparation of the sensor and could potentially influence the analytical response, are the volumes of cocktail placed in the support and the drying time. Using a solution of optimum composition, several sensors were prepared placing volumes of cocktail ranging between 2 and 12 l. After the equilibration of these sensors with solutions of 1.0 g ml −1 MOR, the RPI were measured obtaining the results plotted on Fig. 3 . As we can see, the phosphorescence intensity remains approximately constant until 5.0 l, and then diminishes due to the increase in the size of the sensing zone that is progressively bigger than the zone lighted by the radiation. We selected 5 l as the optimum volume because it improved the reproducibility of measurements.
As the sensor must be totally dried before use, the influence of both the manner and the time of drying were studied. Two drying conditions were tested: at room pressure and under vacuum. The minimum time needed to dry the sensor under vacuum (13 mm) was 20 min, and at room pressure was 60 min; consequently, the first way was selected.
Fixation process of the morestan in the sensor
The parameters that can influence the RTP response of the sensor are the following: equilibration time, pH, ionic strength, heavy atom and drying time of the sensor after the fixation of the analyte.
It was found that the analytical signal increases with the equilibration time until 120 min, decreasing then slightly (a 10% at 360 min). About 2 h was determined to be an adequate time to obtain the maximum signal. The influence of pH on the fixation of morestan was studied between 0.5 and 13.5, adjusted with HCl and NaOH solutions. The phosphorescence intensity was constant at pH values ranging between 2.2 and 8.0, decreasing at pH values at both sides of this range (Fig. 4) . The RPI decreasing at pH > 8 could be attributed to the hydrolysis of MOR at pH > 8.0 to form 2,3-dimercapto-6-methylquinoxaline [17] that emitted at λ em = 542 nm. The lowering in acidic conditions (pH < 2) could be related with protonation of the quinoxaline ring.
The role of the heavy atom in the RTP emission was studied in two ways: (1) as is common, in the solution before fixing MOR in the sensor and (2) introducing the heavy atom as a lipophilic compound into the sensor. The following atoms were tested in solution: Ag(I); Pb(II); Tl(I); Hg(I); Cl − ; Br − and I − observing that Pb(II), Tl(I), Cl − , I − , and Br − do not affect the emission of phosphorescence, whereas Ag(I) and Hg(I) reduce it strongly. The Pb(CH 3 CH 2 ) 4 and CH 3 CH 2 Br were incorporated into the PVC matrix in different percentages, but in all cases the RTP signal did not change. Consequently, no heavy atom was needed to enhance the phosphorescence, as was necessary using paper as support [16] .
The influence of the ionic strength on the phosphorescence of MOR was studied using NaCl. Experimental results showed that the RPI was independent of the NaCl concentration until 2.0 M.
It was observed that the RTP signal increased if the sensor was dried after equilibration with the analyte and before the measurement. This fact could probably be related to the quenching of phosphorescence produced by the water when it is freely dissolved in the membrane of PVC and an uptake from the aqueous solution by an initial rapid process [18, 19] . Different methods to dry the sensor after the equilibration process were tested: an IR lamp, a warm air stream, and desiccation with or without vacuum. The best results (a 210% signal increase) were obtained from drying for 20 min in a desiccator over CaCl 2 under vacuum (13 mm). An increase in the drying time does not produce any improvement in the results.
Instrumental parameters
The influence of the delay and gate time, excitation and emission slit width, and the angle formed between the excitation beam and the sensor plane on the phosphorescence emitted were also studied. To test the influence of the gate time, a delay time of 0.5 ms was fixed and different gate times, ranging between 0.05 and 0.5 ms, were checked. The optimum phosphorescent emission was obtained for t g = 0.15 ms. Then, with a gate time of 0.15 ms, different delay times, ranging between 2 and 11 ms, were tested, t d = 10 ms being the value that produced the highest phosphorescent emission.
In order to check the influence on RPI intensity of the angles formed between the excitation and emission beams with the plane of the sensor, different series of RTP measurements were carried out, modifying the angle for different values of the width of the slits of excitation and emission. In each series, the values of the slit width were previously fixed and the RPI was measured for different values of the angles α 0 and α 1 (Fig. 5) .
The experimental data show that when the ratio (slit width of excitation)/(slit width emission) is 1/1, the optimum angle for measuring the emission of phosphorescence is 45 • . However, if the ratio is 1/2, the optimum angle is about 38 • , and if the ratio is 1/3, the optimum angle is about 34 • . This fact can be tentatively justified as follows: if we suppose that the RPI emitted is proportional to the sum of the volumes (V t ) that the excitation and emission beams delimit in the body of the sensor, this RPI must be maximum when dV t /dα 0 = 0. As
, where: V exc and V em are the volumes delimited by the excitation and emission beams, e the thickness of the sensor, α 0 the angle formed between the excitation beam and the plane of the sensor, L the length of excitation and emission slits and r exc and r em the excitation and emission slit widths, respectively. V t is maximum when its first derivative with respect to α 0 is zero:
Eq. (1) can be expressed as follows:
If r exc = r em , the angle that produces the maximum emission of phosphorescence is α 0 = 45 • , but if r exc = (1/2) r em , this angle is α 0 = 38 • 26 and when r exc = (1/3) r em , α 0 = 34 • 44 . These theoretical values agree with the values experimentally measured and plotted in Fig. 6 .
Morestan concentration dependence
The relationship between the RPI and the concentration of MOR was linear from 1.0 to 200.0 ng ml −1 . At higher concentrations, a concentration quenching effect was observed and the RPI decreased 15.8%, with respect to the value theoretically expected, if the MOR concentration is 400.0 ng ml −1 . In this experiment, the shaking time of the standards, for the fixation of the analyte, was 2 h.
However, as the fixation process of MOR on the sensor could be considered as a solid phase extraction, the constant of the extraction process was calculated by carrying out consecutive extractions, with different sensors, from an initial standard solution containing 200.0 ng ml −1 of MOR (Fig. 7) . In order to calculate the distribution constant (K D ), the following equation was used: R = 1 − (1 + K D r) −n where R is the recovery factor, n the number of extractions effected, and r the ratio V o/ V a (volume of sensor micro zone/volume of aqueous solution). A K D value of (8 ± 1) × 10 3 was encountered.
Analytical figures of merit
The analytical curve was obtained by means of 10 standards, with three replicates of each standard, whose concentration levels ranged between 1.0 and 200 ng ml −1 . The linearity of this analytical curve was tested by applying the lack-of-fit as suggested by the Analytical Method Committee [20, 21] and the linear model obtained was RPI = 1.89 + 2574.57C, where RPI is the difference between the phosphorescence intensities of the sample (or standard) and the respective blank; and C is the concentration of MOR in the sample (or standard) expressed in g ml −1 . The repeatability of the method, expressed as relative standard deviation (R.S.D.), was obtained from 10 standards of MOR whose concentration level was 100 ng ml −1 , and the IUPAC detection and quantification limits [22, 23] determined from 10 blanks being 0.28 and 1.0 ng ml −1 , respectively. Table 1 shows these and other analytical parameters.
Effect of foreign ions or species
In order to probe the effects that could produce other ions or organic species frequently present in the real samples, a systematic study of the effect produced by these species on the determination of samples containing 100.0 ng ml −1 of MOR, was carried out. To perform these tests, the potentially interfering species were tested at 100.0 g ml −1 concentration level (or at different concentration levels depending on their respective solubilities), and if interference occurred, the concentration of the interfering specie was reduced down to error <5.0% on the determination of the analyte. The maximum concentration of interferent producing an error ≤ 5.0% was taken as the tolerance level. Table 2 shows the experimental data obtained with the species more frequently present in the different types of waters studied for the application of the method. As we can see in Table 2 , the presence of other pesticides that usually interfere in the fluorescent or phosphorescent determination of MOR does not produce interference with this procedure, probably due to the absence of heavy ions which are necessary in the enhancement of the phosphorescent signal of other pesticides.
Applications
The proposed method was applied to the determination of morestan in waters of diverse provenance (tap, river, sea, and waste waters). As the waters in this study do not contain MOR over the limit detectable by the method, a recovery study was carried out after the addition of the adequate amounts of the pesticide. The analyses were performed 24 h after the addition of MOR and the results obtained are summarized in Table 3 .
With the waste waters included in this Table, the recovery studies were carried out in samples of water taken above and after the purification process. The recovery percentages (average of three different determinations) ranged between 82.2 and 105.7%.
The quality and accuracy of the proposed method were tested using the statistical protocol based on standard addition methodology [24, 25] . Standard calibration (SC), standard addition calibration (AC) and Youden calibration (YC) curves were established. The slope, intercept and regression standard deviation for each curve was calculated by applying the linear regression analysis. By validation of the proposed method we mean the following: (a) homogeneity of variances for all calibration curves, (b) similarity of slopes and (c) that the value of the intercept obtained from the YC curve is included in the confidence interval value of the SC curve. If these conditions are observed, the accuracy of the method is confirmed by comparison of the analyte content in the different calibrations. Both results are similar and the method is accurate, with a significance level >5%, if the null hypothesis test is accepted. Table 4 shows the results of the validation study of MOR determination in waters. We found that there is no constant error bias (YB) and there is no significant difference between AC and SC slopes. In all instances, t cal is lower than the t tab (α = 0.05 and 16 d.f.).
Conclusions
A single-use optical sensor, which measures transmitted phosphorescence, has been prepared using inexpensive and non-polluting materials. The measurements carried out with the sensor permit the determination of morestan at trace levels with a sufficiently good repeatability and a response time that is not excessively long.
